Background: Despite therapeutic potential against obesity and diabetes, the associations of brown adipose tissue (BAT) with glucose metabolism in young humans are relatively unexplored.
| INTRODUCTION
The human brown adipose tissue (BAT) has a therapeutic potential against obesity and related diabetes owing to its ability to dissipate energy through nonshivering thermogenesis (NST) when activated, eg, in response to cold exposure. [1] [2] [3] After infancy, the major BAT depot is located in the cervical-supraclavicular region. 1, 4 Based on observations in adults, this depot likely contains brown adipocytes of both classic brown and recruitable beige origin, [5] [6] [7] intermixed with white adipose tissue (WAT) composed of white adipocytes. 8, 9 Potential therapies aiming at increasing the amount and/or thermogenic capacity of the two types of brown adipocytes have been discussed. 3, 10 Despite the therapeutic potential, the knowledge of possible associations between BAT and glucose metabolism in humans is still relatively limited.
In vivo studies in adults, using positron emission tomography (PET) combined with computed tomography (CT) to assess BAT activity from [ 18 F]fluorodeoxyglucose (FDG) uptake, have shown negative relationships both between BAT activity and adiposity 11, 12 and between prevalence of BAT activity and age. 13, 14 Positive relationships between adiposity and age have also been observed, but only in subjects with no visualized cold-induced BAT activity. 14 These results indicate a potential role for BAT in prevention of long-term fat accumulation, which could lead to overweight and obesity during adulthood. Relatively large cohort studies of mainly adult patients (n = 1972 13 and n = 3614 15 ) showed higher prevalence of active BAT in females compared with males. However, smaller studies performed with cold exposure (n = 10 16 and n = 17 17 ) reported no observable BAT-related differences between the sexes. These discrepancies could be because of either differences in statistical power or to the generally colder temperatures required for inducing NST in males than in females. 18 Corresponding associations have also been studied in pediatric patients where a negative correlation between BAT activity and adiposity and an age-dependence in BAT activity, which peaked at 13 to 15 years, have been observed. 4 However, no clear adiposity-related 19 or sex-related 4, 19 differences in BAT prevalence have been observed at the ambient temperatures used for clinical examinations. Because of differences in body composition and metabolism between adults and children, the relationships observed in adults might not be directly transferable to children. This together with the knowledge of child obesity being a risk factor for adult obesity 20 strongly suggest dedicated BAT studies in children and adolescents.
Magnetic resonance imaging (MRI) has been introduced as a nonionizing imaging alternative and complement to FDG-PET/CT. Quantitative fat fraction (FF) and T * 2 maps can be estimated from water-fat MRI. FF is calculated as the fraction of the fat signal to the total signal of water and fat. 21 T * 2 refers to the joint effective transverse relaxation time for the water and fat signals. 21 In adipose tissue depots, the presence of BAT is indicated by a relatively low FF and T * 2 compared with in more pure WAT, such as subcutaneous adipose tissue (SAT). [22] [23] [24] The comparably low FF of BAT is likely due to a lower concentration of intracellular lipids, a higher concentration of intracellular water, and richer vascularization.
The relatively low T * 2 of BAT may be due to its abundance of blood vessels and iron-rich mitochondria, possibly in combination with a different blood oxygenation level from that of WAT. These properties may cause local inhomogeneities of the static magnetic field, generated by the MR system, which in turn might influence the tissue T * 2 . Studies using cold-induced FDG uptake to confirm the presence of functional BAT indicate FF and T * 2 as suitable MRI estimates of BAT regardless of its activation status (ie, both during warm and cold conditions). 23, 24 Hitherto, there is no available imaging method for quantifying BAT amount in terms of, eg, mass of brown adipocytes. 25 However, BAT activity estimated during cold exposure has shown inverse relationships to FF 24, 26 and T * 2 24 estimated during warm conditions. In this study, we therefore assumed the two MRI estimates of BAT, assessed in room temperature, to be inversely related to BAT amount in terms of the concentration of brown adipocytes. A study in children has shown lower FF and T * 2 in the supraclavicular depot compared with the subcutaneous depot. 27 This is in accordance with a higher BAT content in the supraclavicular depot. Moreover, the supraclavicular FF and T * 2 have been observed to be positively associated with adiposity in children, 27, 28 whereas no relationship with age has been observed. 27 By studying the associations between BAT and adiposity-related glucose metabolism, the possible involvement of this tissue in the development of diabetes could be elucidated. Human BAT is an insulin-sensitive tissue with a glucose uptake rate similar to that of skeletal muscle under insulin stimulation. 29 Studies in adults have shown relationships between supraclavicular FF and insulin sensitivity 26, 30 and also an improved insulin sensitivity from cold exposure aiming for BAT activation or recruitment. 31, 32 Despite research efforts in adult humans, in vivo imaging studies targeting the role of BAT in glucose metabolism in children and adolescents are still limited.
The purpose of this work was to investigate possible associations of FF and T * 2 of cervical-supraclavicular adipose tissue (ie, suspected BAT, here denoted sBAT) with glucose metabolism, whilst considering sex, age, and adiposity, in adolescents with normal and overweight/obese phenotypes.
| METHODS

| Subjects
This study was conducted using data from the European cohort study, Beta-cell function in Juvenile Diabetes and Obesity (Beta-JUDO, FP7-HEALTH-2011-two-stage, project number: 279153), where children and adolescents were recruited and examined at two research sites: Uppsala, Sweden, and Salzburg, Austria. The study had obtained ethical approval from the Regional Ethical Review Boards in both cities.
Informed written consent was obtained from the subjects and their guardians. The study was conducted throughout the year. In Uppsala, subjects with overweight or obesity were recruited from an obesity specialist clinic to which they had been referred from the primary health care after inadequate treatment results. In Salzburg, patients that were overweight or had obesity were recruited at a similar specialist clinic with or without prior referral from primary health care.
Children and adolescents with normal weight were recruited as controls from schools in Uppsala. Only individuals imaged with MRI (n = 162) were considered for inclusion in this study. Of these, 18 individuals were excluded due to poor image quality (primarily because of severe motion artefacts) and one individual was excluded due to the segmented sBAT volume being too small for reliable FF and T * 2 measurements. Eight subjects showed insufficient sBAT segmentations during visual review but remained included after manual removal of obvious non-sBAT structures (eg, SAT). Twenty-one subjects showed insufficient segmentations of neighbouring SAT from the back (bSAT).
These segmentations were also manually corrected. One patient was The remaining 6/82 Salzburg patients had lacking ethnicity data. 
| Height, weight, and adiposity measurements
| Glucose metabolism measurements
To evaluate glucose metabolism, each subject underwent an oral glucose tolerance test (OGTT), from which measurements of plasma glucose and insulin levels were obtained. The OGTT was performed according to a previously described procedure. 33 Additional information on handling and analyses of the blood samples is provided in the Data S1. Four relevant parameters, reflecting different aspects of glucose metabolism during fasting and during a glucose challenge, were calculated from the OGTT. The parameters were the concentration of plasma glucose at 120 minutes (2h glucose), the Matsuda index, the homeostatic model assessment of insulin resistance (HOMA-IR), and the oral disposition index (DI O ). 2h glucose is inversely related to glucose tolerance. Subjects with 7.8 mmol/l ≤ 2h glucose < 11.1 mmol/l were considered to have prediabetes and subjects with 2h glucose ≥ 11.1 mmol/l were considered to have diabetes. 34 Matsuda index is an estimate of whole-body insulin sensitivity and was calculated from the plasma glucose and insulin concentrations at five time points during the OGTT 35 (according to http://mmatsuda.diabetes-smc.jp/ english.html). HOMA-IR indicates insulin resistance and was obtained from the baseline (fasting) values of the plasma glucose and insulin levels. 36 The DI O provides a proxy measurement of beta cell function, adjusted for insulin sensitivity, and was obtained from the fasting insulin concentration and the change in plasma glucose and insulin concentrations during the first 30 minutes of the OGTT. 37 Fasting levels were obtained from samples collected 5 minutes prior to the start of the test.
Unit conversion factors (glucose concentration: from [mmol/l] to [mg/ dl]; insulin concentration: from [pmol/l] to [μU/ml]) were obtained from http://mmatsuda.diabetes-smc.jp/english.html.
| Puberty
Puberty was evaluated with Tanner staging 38, 39 and subcategorized according to prepuberty (Tanner 1), puberty (Tanner 2-4), and postpuberty (Tanner 5). For subjects lacking Tanner staging, biochemical parameters and growth spurt were used as substituting estimates.
Additional information on the biochemical parameters is provided in
Data S1. In this study, puberty was only included in the evaluations to determine whether it had a considerable impact on the associations as compared with age.
| Magnetic resonance imaging
At both sites, MRI was performed on clinical whole-body 1.5 T MR systems (Uppsala: Philips Achieva; Salzburg: Philips Ingenia, both Philips Healthcare, Best, The Netherlands). Imaging was carried out at room temperature, without prior cold or warm preparation of the subjects, after a standardized light meal and preferably on the same day as the OGTT. The MRI estimates of BAT were represented by sBAT FF and T * 2 , obtained from water-fat MRI (imaging details presented in Table 1 ). The same image data were also used for estimating bSAT FF and T * 2 . The volumetric abdominal adiposity measurements, aSATvol and aVATvol, were obtained from water-fat MRI of a separate image volume (length 168 mm along the feet-head direction and centred between the lumbar vertebrae 3 and 4, further imaging details presented in Table 1 ). Previously described methods were used for water-fat reconstruction of sBAT 21 and abdominal 40 image data. Mean sBAT FF and T * 2 were estimated from segmentations obtained by a modified version of a previously presented automated method 41 (see examples of segmentations in Figure 1 ). Automated segmentations of posteriorly located SAT were performed by isolating adipose tissue between the dorsal muscles and the skin using in-house software. Fine adjustments of the bSAT segmentations were carried out using the same erosion steps and threshold levels for FF and T * 2 as were used for the sBAT segmentations. The aSATvol and aVATvol were segmented according to the following steps: (a) Background was removed using a manually set threshold for the voxel intensities. (b) Foreground voxels with FF ≥ 50% were considered as adipose tissue. (c) aSATvol was automatically separated by in-house software using a previously described filtering technique. 42 (d) From the residual adipose tissue, fat surrounding the vertebrae was automatically removed and the remaining part was considered as aVATvol. The MRI data from both research sites were reconstructed and post-processed centrally.
| Statistics
This work was carried out as an exploratory substudy of Beta-JUDO, where all available data were considered and no power analysis was performed. The analyses comprised all subjects for which the relevant data were available. Subject group comparisons were conducted for a data overview and for investigating possible site-specific differences, ie, those related to examination procedures, prior to performing regression analysis. For normally distributed data (weight, height, waist, sBMI, WHtR, aSATvol, 2h glucose, sBAT FF, and sBAT T * 2 ), the possible differences between group means were evaluated using two-tailed Student's t test, corrected for differences in variance using Welch's correction. For non-normally distributed data (age, aVATvol, Matsuda index, HOMA-IR, DI O , bSAT FF, and bSAT T * 2 ), possible group differences were tested using Mann-Whitney U test. Fisher's exact test was used to test for differences in the fractions of females and males between the groups. Wilcoxon signed rank test was applied to investigate differences in FF and T * 2 between sBAT and bSAT. The associations between the MRI estimates of BAT and age and adiposity and glucose metabolism were analyzed using simple linear regression. Instead of HOMA-IR, the logarithm of HOMA-IR (log 10 HOMA-IR) was employed to attain an approximate linear relationship to sBAT FF. After simple linear regression analyses, each model was adjusted for a set of potential confounding factors: sex, age (basic confounders), and site of examination (methodological confounder), using multiple linear regression analyses. The models that included glucose metabolism parameters were additionally adjusted for sBMI (wholebody adiposity), and aSATvol and aVATvol (local distribution of adiposity). Thus, the multiple linear regressions that included glucose metabolism parameters were carried out using two different sets of potential confounding factors: (a) sex, age, site of examination, and sBMI; (b) sex, age, site of examination, aSATvol, and aVATvol.
In this work, Beta refers to the unstandardized regression coefficient. P values < .05 were considered as statistically significant and no correction for multiple testing was applied. All statistical analyses 
| RESULTS
Descriptive statistics and group comparisons of basic characteristics, adiposity parameters, glucose metabolism parameters, sBAT FF and T * 2 , and bSAT FF and T * 2 are summarized in Table 2 . The associations of sBAT FF and T * 2 with age and adiposity, as obtained by linear regression, are presented in Table 3 . The corresponding associations of sBAT FF and T * 2 with glucose metabolism parameters are presented inTable 4 .
| Group differences
As seen in Table 2 , all three groups contained both male and female subjects with the proportion of males ranging from 35 to 52%, but with no significant bias in sex distribution. The controls had lower weights and smaller waist circumferences compared with the patients.
There was no significant difference between the three groups in either age or height. All adiposity measurements were lower for controls than for patients. Of the two patient groups, the Uppsala patients showed the overall highest adiposity. Compared with the patients, the controls had higher insulin sensitivity (Matsuda index) and beta cell function (DI O ) and lower insulin resistance (HOMA-IR) and 2h glucose (however, no significant difference was observed between controls and Salzburg patients in 2h glucose). In addition, the Salzburg patients had lower 2h glucose and insulin resistance than the Uppsala patients, but there was no statistically significant difference in insulin sensitivity and beta cell function between the two patient groups. Within the three groups, prediabetes was observed in 28 subjects (four Salzburg patients, 22 Uppsala patients, and two Uppsala controls), and one subject was diagnosed with diabetes (Uppsala patient). FF and T * 2 of both sBAT and bSAT differed between the three groups, with Uppsala patients showing the highest values and Uppsala controls showing the lowest values for both metrics. From group comparisons of all subjects, both FF and T * 2 were observed to be significantly lower in sBAT compared with bSAT (P < .001 for both cases, data not presented).
| Associations
| Sex, age, and puberty
The group comparisons showed no significant difference in sBAT FF or T * 2 between males and females (mean FF difference = 0.96 percentage points (pp), p = .297, mean T * 2 difference = 0.66 ms, p = .471, data not presented). As seen in Table 3 , sBAT FF and T * 2 showed significant but very weak positive linear correlations with age, both before and after adjustment for sex and site. As seen in Table 4 , the significance of the association between sBAT FF and age became dependent on the additional explanatory variables used, whereas the association between sBAT T * 2 and age remained significant in all cases. When investigating the association of sBAT FF and T * 2 with pubertal status (using the set of confounding factors: sex, age, site, and sBMI), the previously significant associations with age remained significant.
However, pubertal status did not emerge as a significant explanatory variable (data not presented).
| Adiposity
In the simple linear regressions (Table 3) , both sBAT FF and T * 2 correlated significantly with each one of the adiposity measurements of which aVATvol was the best explanatory variable overall. The adiposity measurements also correlated strongly with each other (range: R 2 = .77-.87, P < .001, data not presented), with the exception of aVATvol for which the association with the other measurements was weaker (range: R 2 = .45-.46, P < .001, data not presented). In the multiple linear regressions (Table 3) , the correlations of sBAT FF and T * 2 with the adiposity measurements remained significant also after adjustment for sex, age, and site, still with aVATvol as the best explanatory variable.
| Glucose metabolism
In the simple linear regressions (Table 4) , sBAT FF and T * 2 correlated very weakly to moderately with 2h glucose, Matsuda index, and HOMA-IR (or log 10 HOMA-IR). In addition, sBAT FF but not T * 2 correlated very weakly with DI O . The associations with 2h glucose and HOMA-IR (or log 10 HOMA-IR) were positive, whereas the associations with Matsuda index and DI O were negative. For both sBAT FF and T * 2 , the strongest correlation was observed with Matsuda index.
When adjusting for sex, age, site, and whole-body adiposity, by means of sBMI, the relationship between sBAT FF and each of 2h glucose, Matsuda index, and HOMA-IR remained statistically significant (Table 4 ). However, the association between sBAT FF and DI O and between sBAT T * 2 and the different glucose metabolism measurements did not remain significant.
When adjusting for sex, age, site, and local distribution of adiposity, by means of aVATvol and aSATvol, the glucose metabolism associations that remained significant were those between sBAT FF and each of 2h glucose and Matsuda index (Table 4 ). Further, 2h glucose but not Matsuda index remained significant when the models were additionally adjusted for bSAT FF (R 2 = .66, P = .020 for 2h glucose and R 2 = .64, P = .225 for Matsuda index, data not presented).
| DISCUSSION
In the present study, sBAT FF, but not sBAT T * 2 ; was observed to correlate significantly with 2h glucose both before and after adjustment In the present study, no sex-related differences in either sBAT FF or T * 2 could be observed from group analyses, which is in line with previous FDG-PET/CT studies in pediatric patients targeting metabolically active BAT at room temperature. 4, 19 A positive correlation between sBAT FF and age was observed, but as the correlation was very weak and model-dependent, the finding might be insignificant, obscured by the relatively narrow age span (10-20 years) or a result of an increasing overweight with age in the present cohort. The stronger but still weak positive correlation between sBAT T * 2 and age, persisting after inclusion of sex, adiposity, and glucose metabolism parameters as explanatory variables, indicates a decreased BAT content in the cervical-supraclavicular depot with increasing age. Note. sBAT FF and T 2 * are the dependent variables. Age and adiposity measurements are the main explanatory variables. In the multiple linear regressions, the set of additional explanatory variables is sex, age, and site. aVATvol and aSATvol are used both alone as single main explanatory variables and together (aVATvol and aSATvol) as two main explanatory variables. Beta = the unstandardized coefficient of the linear regressions. 95% CI = 95% confidence interval of Beta. R 2 = R 2 adjusted for the whole model. P values for the explanatory variables are two-tailed.
Abbreviations: aSATvol, volume of abdominal subcutaneous adipose tissue; aVATvol, volume of abdominal visceral adipose tissue; FF, fat fraction; NA, not applicable; sBAT, cervical-supraclavicular adipose tissue; sBMI, standardized body mass index; WHtR, waist-to-height ratio.
However, the association between T * 2 and age might have been confounded by image quality (discussed further ahead). In a previous MRI study, no detectable association between the MRI estimates of BAT and age was observed in children. 27 However, in a previous FDG-PET/CT study in pediatric patients, a higher prevalence of active BAT was obtained in pubertal compared with prepubertal subjects. 19 In the present study, the association of pubertal status was only evaluated together with sex, age, site, and sBMI using multiple regression analyses. As age proved to be a better explanatory variable in all analyses, pubertal status is not extensively discussed in this work.
Owing to a larger cohort and supplementary variables in the linear regressions, the present study reinforces previously observed associations between adiposity measurements and MRI estimates of BAT in subjects of similar age. 27, 28 Both sBAT FF and T * 2 correlated positively with adiposity estimated with sBMI, WHtR, aVATvol, and aSATvol. All relationships remained significant after adjustment for sex, age, and site, indicating a lower BAT content in subjects with more severe obesity. According to R 2 from simple linear regression, sBAT FF and T * 2 showed stronger relationships to aVATvol than aSATvol. This has previously been indicated in adults 43 and might be a consequence of a similar lipid accumulation pattern in the sBAT and aVAT depots, both being internal and possibly more metabolically involved than the aSAT depot. The positive correlations of sBAT FF and T * 2 with whole-body adiposity (sBMI) agree with previous FDG-PET/CT studies performed on adults where inverse associations between adiposity and BAT activity have been observed. 11, 12 Our results are also in line with observations in pediatric patients, for which individuals with visualized BAT activity showed less weight gain and smaller increases in aVATvol and aSATvol after successful treatment. 44 The significantly lower sBAT FF and T * 2 compared with bSAT FF and T * 2 agree with a previous study performed on subjects of similar age 27 and indicate a higher BAT amount in the sBAT depot. Speculations regarding the underlying mechanisms to the association between sBAT and 2h glucose could include the capacity of BAT to dispose of blood glucose, possibly leading to improved glycaemic control, 31 and/or to its capacity to combust triglycerides and free fatty acids, potentially counteracting development of insulin resistance and obesity. 45 Other potential mechanisms could be effects of signalling molecules secreted from BAT, as suggested from BAT transplantation studies in rodents (discussed by Kiefer 2017 3 ).
Overall, the results suggest a relationship between BAT and glucose metabolism, which is independent of the distribution of adiposity in the visceral and subcutaneous depots and thereby that BAT itself might have a role in the glucose metabolism of young subjects. This interpretation is in line with previous publications from related studies in adults, supporting a role for BAT in the glucose homeostasis and further suggesting it as a potential antidiabetic tissue. 30, 31 Compared with earlier publications on sBAT FF and T * 2 in children, the present study included more subjects (n = 143 compared with n = 39 27 and n = 28 28 ), especially those with overweight and obesity, which enabled more reliable multiple regression analyses. However, a limitation is the small number of control subjects (17 individuals from Uppsala). The lack of Salzburg controls is not expected to have influenced the results considerably as the multiple linear regression models were adjusted for site. Although no statistically significant difference in the proportion of males and females between the groups was observed, the fractions should ideally have been more equal.
From group comparisons between the Salzburg and Uppsala patients, differences with respect to several adiposity and glucose metabolism measurements were obtained. These results were likely due to the Uppsala patients being more affected by obesity and glucose intolerance as they were recruited at an obesity specialist clinic after referral from primary health care due to inadequate treatment results. In Salzburg, however, no referral was required and the subjects were therefore able to directly contact the clinic at which they were recruited. The lacking difference in 2h glucose between Salzburg patients and Uppsala controls could be due to a relatively unaltered glucose tolerance in the Salzburg patients or to a difference in the analysis procedure of the blood glucose samples, between Salzburg and Uppsala.
In this study, there were some limitations regarding the techniques used for data acquisition and analysis. The measurements of glucose metabolism were based on non-gold standard methods for insulin sensitivity and secretion. The gold standard methods are the hyperinsulinemic euglycaemic and hyperglycaemic clamp techniques, which have disadvantages such as being more invasive and complex, and as such more difficult to perform. Before the MRI, instructions on shallow breathing were provided to the subjects. The number of subjects excluded from the analyses (n = 18), primarily due to motion artefacts, reflects the difficulty in complying with these instructions.
Older subjects likely performed better as their overall image quality tended to be superior. There is currently no non-invasive and nonionizing reference technique for estimating BAT amount and activity.
The MRI technique used in the present study is not BAT-specific but assumes BAT amount to be negatively correlated with sBAT FF and T * 2 . This assumption is based on differences in triglyceride, water, and iron content between BAT and WAT. However, as the proportion of brown adipocytes in sBAT varies amongst individuals, 8, 9 and as these cells might undergo obesity-related whitening (similar to that observed in mice 46 ), BAT detection using water-fat MRI is challenging. Although FF and T * 2 are relatively well-established MRI estimates of human BAT, [22] [23] [24] recent studies report a lack of relationships between BAT activity and the supraclavicular depot FF and T * 2 : 47, 48 The inconsistent results between these two studies and others 24, 26 might be because of differences and limitations in the quantification methods, eg, the use of the standardized uptake value instead of the more appropriate glucose uptake rate when studying obese subjects. 49 Because of the mixed content of sBAT, other measures that better reflect the relative number of brown adipocytes to white adipocytes, than the absolute value of FF, might be even more representative of BAT amount. For example, the difference in FF between SAT and supraclavicular fat in adults has shown a negative association with obesity and metabolic dysfunction. 45 
Nevertheless, dedicated comparisons between different MRI estimates of BAT
have not yet been performed and the most appropriate measures remain to be determined. In the present study, the confounding effects from WAT and general adiposity, to the glucose metabolism associations, were minimized by adjustments for sBMI, aVATvol, aSATvol, and bSAT FF.
The more prominent association between 2h glucose and sBAT FF, compared with T * 2 , could be due to either FF being a more suitable biomarker for BAT or to methodological limitations in the estimation of T * 2 . In this study, the MRI sBAT pulse sequence was optimized for quantification of FF, but not T * 2 , and the water-fat MR signal model was based on a joint T * 2 relaxation time for the water and fat signals. In addition, T * 2 is sensitive to magnetic field inhomogeneities and therefore dependent on the shimming performance, which is challenging in the shoulder region. These limitations might contribute to the lacking relationships between T * 2 and the glucose metabolism parameters. Future investigations of the underlying mechanisms to the association between BAT and 2h glucose in adolescents are warranted. Also, changes in sBAT FF and T * 2 before and after intervention, eg, bariatric surgery as recently studied, 50 are potential topics for forthcoming studies.
In conclusion, the association between sBAT FF and 2h glucose indicates a role for BAT in glucose metabolism, which potentially could influence the risk of developing diabetes. The lacking association with sBAT T * 2 might be due to FF being a superior biomarker for BAT and/or to methodological limitations in the quantification of T * 2 .
